Heterochromatic flicker photometry is commonly used to measure macular pigment optical density (MPOD) in the human retina. It has been proposed, and accepted by many, that the MPOD so measured represents the value at a retinal location corresponding to the edge of the flickering, circular stimulus. We have investigated this proposal by using a series of annular stimuli to determine the MPOD distribution in the central 1.5°of the retina for both eyes of 10 subjects. The MPOD obtained using a 1.5°c ircular stimulus matched the MPOD distribution at a retinal eccentricity that was always less than the stimulus radius, and averaged, for the 10 subjects, 51% of the stimulus radius. Similar results were obtained using a 1°stimulus. Thus the edge hypothesis is inconsistent with our data. We suggest that involuntary eye movements may be responsible for an apparent edge effect.
Introduction
The measurement of macular pigment (MP) density is presently receiving quite a lot of attention owing to the possible link between low levels of MP and an increased risk of age-related macular degeneration (Beatty et al., 2001; Bone et al., 2001; Malinow, Feeney-Burns, Peterson, Klein, & Neuringer, 1980) . Of the various methods of measuring MP optical density (MPOD), heterochromatic flicker photometry (HFP) is currently the most common and, arguably, the best validated (Bone, Landrum, & Cains, 1992) . In this psychophysical method, a small visual stimulus alternates between a test wavelength that is absorbed by the MP (400-520 nm) and a reference wavelength that is not absorbed (say 540 nm). Usually, the subject adjusts the luminosity of the test wavelength to match that of the reference wavelength as judged by an absence, or minimization, of flicker. A measurement is made with the stimulus imaged in the peripheral retina where there is negligible MP, and this is compared with a second measurement made when the stimulus is viewed centrally. A higher intensity of the test wavelength is needed for the central measurement, compared with the peripheral measurement, owing to the absorption of the test wavelength by the MP. The MPOD is determined at the test wavelength as the log ratio of the intensity settings for the central and peripheral matches. By repeating the measurements at different test wavelengths, the MPOD spectrum may be generated, this showing a characteristic peak at about 460 nm.
Numerous studies have mapped the distribution of MP in the retina, showing it to be non-uniform including in the vicinity of the fovea where it is visually discernible (Bour, Koo, Delori, Apkarian, & Fulton, 2002; Chen, Chang, & Wu, 2001; Elsner, Burns, Beausencourt, & Weiter, 1998; Hammond, Wooten, & Snodderly, 1997; Kilbride, Alexander, Fishman, & Fishman, 1989) . In HFP, typical stimuli are 1°-2°in diameter. In this study we address the following question: How does the spatial distribution of MP within the stimulated retinal area influence the MPOD determined by HFP? Naïvely, we might assume that the measured MPOD represents the average value over the stimulated retinal area. However, an idea that has gained popularity is that perception of flicker is mediated by receptors at the edge of the flickering stimulus (Beatty, Koh, Carden, & Murray, 2000; Delori, Goger, Hammond, Snodderly, & Burns, 2001; Hammond & Caruso-Avery, 2000; Hammond et al., 1997; Snodderly et al., 2004; Werner, Bieber, & Schefrin, 2000; Werner, Donnelly, & Kliegl, 1987) . If this were the case, HFP would provide the value of MPOD also at the edge of the stimulus. For example, a 1°stimulus would provide the MPOD at an eccentricity of 0.5°. Such was the finding of Hammond et al. who compared the MPOD obtained with a 1°stimulus with the MPOD obtained with a 12 0 stimulus viewed at 0.5°eccentricity (Hammond et al., 1997) .
Observations in our lab have led us to question this interpretation. Our flicker photometers employ a 1.5°d iameter stimulus that alternates between 460 nm (hereafter ''blue'') and 540 nm (hereafter ''green''), the intensity of the former being controlled by a neutral density wedge. We, as well as unbiased subjects in our studies, have reported that when the wedge is offset from the flicker null position so as to increase the blue intensity, flicker is first perceived around the periphery of the stimulus. Conversely, when the wedge is offset so as to decrease the blue intensity, flicker first appears towards the center of the stimulus. This is consistent with an MPOD that decreases with eccentricity from the foveal center. For example, when the luminosities of the two wavelengths are matched in the periphery of the stimulus, there will be a mismatch towards the center and flicker will be perceived there.
The purpose of this study was to determine which aspect of the MPOD distribution is provided by HFP. We also sought a theoretical framework in which to interpret our results.
Theory
In Fig. 1 , we plot a hypothetical variation in luminosity (L) with eccentricity (r) of the blue (sloping line) and green (horizontal line) components of a circular stimulus of radius R. The latter line is horizontal because the green light is not attenuated by the MP. The former line has a positive slope because attenuation of blue light by the MP is known to decrease with eccentricity. The left and right square waves represent the temporal variations in luminosity at the center (r = 0) and periphery (r = R) of the flickering stimulus as it alternates in square wave modulation between blue and green. We will assume that the flicker frequency has been set at the lowest possible value such that, with appropriate adjustment of the wedge, flicker is imperceptible over the entire stimulus. This would imply that the modulation-amplitudes of the two square waves in Fig. 1 are both at their threshold values. When this condition is met, the luminosities of the blue and green portions of the stimulus are matched at r = r m , and it will be at this eccentricity that the MPOD is determined. In practice, variability among subjects in the shape of their MPOD distribution would be expected to produce a corresponding variability in the position of the match point, r m .
Ascertaining the conditions under which the modulation-amplitudes at the center and periphery of the stimulus will be at threshold presents a challenge. The classic work of de Lange provides a starting point (de Lange Dzn, 1958) . We have examined the data that he obtained using a 2°, sinusoidally modulated, white stimulus. At a frequency of 30 Hz, as used in our flicker photometers, there is a steady, virtually linear increase in threshold modulation-amplitude with adaptation level, or mean luminosity. Accordingly, we might expect the amplitudes of the two square waves in Fig. 1 to be proportional to the corresponding mean luminosities, L 0 and L R . The hypothetical linear increase in luminosity with eccentricity that we have chosen for the blue component of the stimulus in Fig. 1 would result in the match point, r m , being at r < R/2. However, Kelly conducted similar experiments to those of de Lange but with a large, 65°s timulus (Kelly, 1961) . Not surprisingly, the threshold modulation-amplitudes at 30 Hz were lower, for the same adaptation levels, than those obtained by de Lange with a 2°stimulus. Now if we were to subdivide our stimulus into concentric annular zones, the area of a zone between r and r + Dr would be considerably smaller at r = 0 than at r = R. For example, if Dr is equal to R/5, the area of the outermost zone is nine times that of the innermost zone. Whether the inverse relationship between threshold modulation-amplitude and area of stimulus also applies to these very small zones is not known. If it does apply, the effect would be to lower the threshold modulation-amplitude at r = R, where the zone is large, compared with r = 0, where the zone is small, and therefore to move the match point, r m , outwards.
We now consider the potential influence of the stimulus edge effect, first proposed in the context of MP measurement by Werner et al. (1987) , and based on cited references by Walraven (1973) and Ratcliff (1978) . WalravenÕs conclusion is particularly relevant: ''. . .perception of a homogeneously illuminated field will be determined by the neural activity generated along its (moving) borders rather than by its central region, which is in fact stabilized when gross eye movements are prevented''. Our underlining emphasizes two important differences between what Walraven is describing and the situation with HFP for MP measurement. The field that forms the stimulus is certainly not homogeneously illuminated at the level of the photoreceptors. As will be seen later, the luminosity at the edge of the stimulus can easily be double that at the center. Under such conditions, we question whether the edge effect still applies. Secondly, Walraven mentions ''moving borders'' because then the effects of lateral adaptation by steady (annular) fields will be absent. The question here is whether involuntary eye movements, accompanying central fixation of the HFP stimulus, would result in significant moving borders.
To reiterate, there are at least three effects that may influence MPOD as determined by HFP. First, the luminosity profile across the stimulus will vary among subjects as dictated by the individual MPOD profile. Therefore the match point, r m , for which the modulation-amplitudes of the two square waves in Fig. 1 are at their threshold values, would also vary. Second, the area effect would tend to lower the threshold modulation-amplitude at the edge of the stimulus compared with the center, and move the match point outwards; however the effect may be insignificant. Third, the edge effect, if it applies, would place the match point right at the edge of the stimulus.
Methods
A flicker photometer was modified so that measurements of the MPOD distribution within the area of the stimulus could be measured and compared with the value obtained using the entire stimulus.
Blue and green beams of light from a 150 W quartzhalogen lamp were generated by 460 and 540 nm interference filters, respectively, with corresponding half bandwidths of 20 and 10 nm. The larger bandwidth of the 460 nm filter was necessary to produce the desired stimulus luminance. We have determined that with the use of this rather broad filter, the MPOD that we measure will be approximately 95% of the true value at 460 nm. The intensity of the blue beam was adjustable by a compensated, neutral density wedge that could be moved by the subject via a hand-held control. A sectored, beveled, white-surfaced, rotating disk provided square wave alternation of the two beams. A 1.5°dia-meter circular stimulus was defined by an aperture in a front-illuminated white screen, approximately 20°in diameter, of the same luminance, 900 cd/m 2 , as the stimulus. This provided a retinal illuminance of 4000 photopic Td. The aperture was interchangeable with a smaller one that provided a second stimulus, 1.17°in diameter. Cross-hairs in the plane of each aperture were provided to facilitate central fixation of the stimulus. The stimulus was viewed through an achromatic magnifying lens whose position relative to the stimulus could be adjusted to compensate for the subjectÕs refractive state. The subjectÕs eye was maintained by a viewing aperture at a distance from the lens equal to its focal length (8.5 cm). Such an arrangement can be shown to provide an angular size of the focused stimulus, 1.5°o r 1.17°, that is independent of the subjectÕs refractive state. A small fixation mark was located at an eccentricity of 8°above the stimulus for peripheral viewing.
In order to measure the MPOD at specific eccentricities within the area defined by the 1.5°stimulus, four white screens with annular cut-outs were fabricated, to be inserted sequentially immediately in front of the stimulus aperture. Small fixation marks, concentric with the annuli, were provided. The angular diameters of the annuli were 0.42°-0.56°(mean 0.49°), 0.67°-0.82°(mean 0.74°), 0.92°-1.17°(mean 1.05°) and 1.38°-1.50°(mean 1.44°). The diameters were dictated by the availability of standard drill sizes used in the fabrication. The mean diameters were chosen to be approximately 25%, 50%, 75% and 100% of the original circular stimulus diameter. The appearance and dimensions of all stimuli used in this study are shown in Fig. 2 . Ten subjects volunteered for the study, which followed the tenets of the Declaration of Helsinki. Informed consent, approved by the Institutional Review Board, was obtained from each subject. Subjects received training in HFP using the 1.5°circular stimulus, and were enrolled in the study based on the precision of their subsequent MPOD measurements. Provided the standard error in the mean was less than 0.020 absorbance units in each of four consecutive measurements, the subject was deemed acceptable. None of the original ten volunteers failed to achieve this goal.
The subjects were dark-adapted for 5 min and then light-adapted for 2 min by gazing into the photometer viewing aperture. Each subject commenced with the 1.5°circular stimulus, making five wedge settings while fixating on the center of the cross-hairs and another five settings while fixating on the 8°eccentric fixation mark. The flicker frequencies were set at 30 Hz for central viewing and 15 Hz for peripheral viewing. Five wedge settings were then made with each of the annular stimuli. Subjects were instructed to be very careful in maintaining central fixation and to optimize the flicker frequency in order to be able to locate the flicker null point as accurately as possible. A final set of five measurements was made with the 1.17°circular stimulus using central fixation. All measurements were made on both eyes of each subject, usually in separate sessions. 
Results
Results for the left and right eyes of all 10 subjects are presented in Fig. 3 . Each plot shows the MPOD as a function of retinal eccentricity, the latter representing the mean radii of the annular stimuli. The horizontal line in each plot indicates the MPOD determined with the 1.5°circular stimulus. The associated standard error of the mean ðSEM ¼ standard deviation= ffiffi ffi 5 p Þ is represented by the gray area. The number that appears in parentheses on each plot is the eccentricity in degrees at which the horizontal line intersects the MPOD distribution function. This is the eccentricity at which the MPOD appears to be measured when using the 1.5°cir-cular stimulus. For subjects 7L, 8L and 8R, the intersection was found by extrapolation using the straight line connecting the first two data points. For subject 7R, we chose the eccentricity of the second data point, 0.370°, as the intersection point. The average intersection point for the ten subjects occurred at an eccentricity of 0.38°with a standard deviation of ±0.13°, i.e. at an eccentricity that was 51% of the stimulus radius (95% confidence limits--38-63%). The average OD and transmittance distributions obtained for both eyes of all subjects are displayed in Figs We also compared the MPOD values obtained with the 1.17°circular stimulus and the annular stimulus covering the range 0.92°-1.17°. The results for the 10 subjects are plotted in Fig. 6 , each data point representing an individual eye. Sixteen of the 20 data points lie above a line of unit slope, indicating that, for the majority of the subjects, the circular stimulus resulted in a higher measured MPOD than the annular stimulus. The four cases where the data points lie below the line of unit slope belonged to subjects 2L, 2R, 5L, and 10R (see Fig. 3 ). 
Discussion
Our results indicate that for the flicker photometer used in our studies, the MPOD that we measure is in general closer to the average value over the stimulated retinal area than it is to the value at the edge of the area. The average value may be determined by numerical evaluation of the integral
, where D(r) is the MPOD as a function of eccentricity, r, and R is the radius of the stimulus. We performed this calculation using the average MPOD data for the 10 subjects shown in Fig. 4 , having first extrapolated to zero eccentricity using the straight line connecting the first two data points. The value obtained, 0.632, is very close to the subjectsÕ average value, 0.645, obtained using the 1.5°circular stimulus and represented by the height of the horizontal line in Fig. 4 .
The luminosity distribution (at the level of the photoreceptors) of the blue portion of the circular stimulus will be proportional to the corresponding MP transmittance distribution, as represented by the filled circles in Fig. 5 . When a flicker null is achieved while using the circular stimulus, the uniform luminosity of the green portion of the stimulus is matched to some feature of the luminosity distribution (possibly the mean value) of the blue portion of the stimulus. Whatever this feature is, it will be proportional to the transmittance of the MP (0.244) as measured with the circular stimulus, and represented by the height of the horizontal line in Fig. 5 . Thus the height of the horizontal line will be proportional to the luminosity of the green portion of the stimulus. In this sense, Fig. 5 may be compared directly with Fig. 1 . Unfortunately, we have not been able to measure the transmittance of the MP at eccentricities smaller than those shown in Fig. 5 . However, it is reasonable to assume that the transmittance would probably reach a value that is lower than the value at the smallest eccentricity that we used (0.245°). Thus our hypothesis that the flicker null occurs when the modulation-amplitudes at the center and periphery of the stimulus are at threshold, and that these threshold modulation-amplitudes are linearly related to the mean luminosities at these locations, is consistent with our average data, as well as many of the individual data shown in Fig. 3 . On the other hand there are some cases appearing in Fig. 3 , such as 6L, 7L, 7R, 8L and 8R, which do not appear to support the hypothesis. It is possible that for these subjects, the MPOD rises sharply as the eccentricity decreases below the smallest value that we used, 0.245°, giving a corresponding transmittance that dips as we approach 0°to a lower value than that obtained with the 1.5°circular stimulus. Such a situation would provide consistency with the average transmittance data of Fig. 5 where the value determined with the 1.5°stimulus is bracketed by the transmittances at the largest and smallest eccentricities.
How then do we rationalize the results of others that indicate that MPOD is determined at the edge of the stimulated retinal area (Hammond et al., 1997) ? One possibility may lie in fixation, as also noted by Moreland (in press) . If the center of a circular stimulus is poorly fixated due to random eye movements, the retinal image will spend only a portion of the time centered on the fovea, and the rest of the time off-center where the MPOD is lower. Thus the measured MPOD would be expected to be lower than that obtained with good fixation. Of course, the same will be true for an annular stimulus, but the effect turns out to be much smaller. To demonstrate this, we generated a bitmap representing an artificial Gaussian distribution of MPOD. The average MPOD was determined for a circular area, and also for a very thin, annular area of the same diameter, both being centered on the peak of the MPOD distribution. We then repeated the calculations having offset both the circular and annular areas to simulate an instant when random eye movements have shifted the retinal images of the stimuli off-center. When the amount of offset was equal to half the radius of the circular or annular areas, the average MPODs for the two areas were decreased by 11% and 3%, respectively. For an offset equal to the radius itself, the corresponding decreases were 46% and 16%, respectively. Now if the distance of a subjectÕs average fixation point from the center of a stimulus (non-zero due to random eye movements) is expressed as a fraction of the stimulus radius, this fraction will increase as the stimulus radius decreases. Therefore, from the generated percentages above, we can conclude that a 1°stimulus will result in a larger discrepancy between MPODs determined with a circular and annular shape than would be the case with a 1.5°stimulus. This is consistent with our observation that the MPOD obtained with the circular stimulus exceeded that obtained with the annular shape in 100% of the cases when using a 1.5°stimulus, but only 80% of the cases when using a 1°stimulus. Proponents of the edge hypothesis similarly noted that the MPOD obtained with a 2°annular stimulus was, on average, slightly lower than that obtained with a 2°circular stimulus (Hammond & Caruso-Avery, 2000) .
In conclusion, our data do not support the edge hypothesis in relation to MPOD measurements made with our instrument. Therefore it would be incorrect to make a general statement that HFP measures MPOD at the edge of the flickering circular stimulus. In our own experience, we are measuring, on average, the MPOD at an eccentricity of approximately half the stimulus radius. However, there is wide variability among individual subjects. For comparison, Moreland (in press) reported that the MPOD measured by a similar psychophysical technique, minimum motion photometry, represented the value at an eccentricity of 72% of the stimulus radius, in agreement with an earlier color matching study (Moreland & Alexander, 1997) .
